Using fluorescence in situ hybridization we investigated amplification of chromosome band 1q21 (Amp1q21) in over 500 untreated patients with monoclonal gammopathy of undetermined significance (MGUS, n=14), smoldering multiple myeloma (SMM, n=31) and newly diagnosed MM (n=479) as well as 45 relapsed MM. The frequency of Amp1q21 was 0% in MGUS, 45% in SMM, 43% in newly diagnosed MM and 72% in relapsed MM (newly diagnosed vs. relapsed MM,
INTRODUCTION
High-dose therapy with autologous stem cell transplantation has become the standard of care in MM, especially for relatively young patients and can prolong survival [1] [2] [3] [4] ; however, survival ranges from a few months to greater than 10 years [1] [2] [3] [4] . MGUS, an asymptomatic plasma cell dyscrasia seen in approximately 3% of persons over 60 years of age, and SMM shares virtually all the genetic lesions seen in MM, yet MGUS rarely converts to overt MM requiring therapy [5] [6] [7] . Karyotype abnormalities in plasma cell dyscrasias are common and highly complex, which contain random events that might have little effects on tumor pathogenesis. Cytogenetic analyses, including FISH, have contributed to identification of non-random chromosomal aberrations in plasma cell dyscrasias [8] [9] [10] [11] [12] and to a better understanding of the clinical implications of these chromosomal aberrations in MM [13] [14] [15] . Deletion of chromosome 13 (Del13), hypodiploidy and t (4;14) , which leads to ectopic over-expression of FGFR3 and MMSET are known to be associated with a poor prognosis.
Previous studies based on comparative genomic hybridization (CGH) have revealed that unbalanced chromosomal structural changes were present in almost all plasma cell dyscrasias and chromosomal gains of 1q consistently involved the 1q21 region in MM [16] [17] [18] . We have reported previously that the gain of 1q21 can occur as isochromosomes, duplications or jumping translocations in MM 19, 20 . The gain of the 1q21 region, which is one of the most recurrent chromosomal aberrations in MM and other cancers [21] [22] [23] [24] , has been speculated to be linked to a poor prognosis in MM 25 .
However, a comprehensive analysis of the prognostic significance of gains and/or amplifications of 1q21 (from hence forth referred to as Amp1q21) has never been evaluated in a large cohort of newly diagnosed MM. In addition, the association of the genetic events underlying the conversion of MGUS and SMM to MM and its eventual fatal progression are not completely understood.
Here we provide evidence that Amp1q21 is associated with a poor prognosis in newly diagnosed MM and a shortened post-relapse survival and may be central to progression of plasma cell dyscrasias.
Material & Methods

Patients
Samples for this study were obtained from patients with MGUS (n = 14), SMM (n = 31), newly diagnosed MM (n = 479) and relapsed MM (n = 45). The base-line characteristics of 524 untreated patients with MGUS, SMM and newly diagnosed MM are summarized in Table 1a . Newly diagnosed and relapsed MM patients in this study were all enrolled in University of Arkansas research protocol UARK 98-026 (Total Therapy 2 26, 27 ), which is a melphalan-based tandem autologous stem cell transplantation protocol that randomized 668 patients to +/-thalidomide. Four hundred seventy-nine of 668 newly diagnosed MM had interphase FISH results of 1q21 at baseline available. A total of 189 of the 668 cases enrolled on the Total Therapy 2 trial were not analyzed due to either lack of sufficient samples and/or poor quality after hybridization.
At the time of analysis, in 479 newly diagnosed patients we analyzed, the median follow-up of surviving patients was 53 months (range, 25 to 89) and there were 297 events and 207 deaths in this subset. In 45 relapsed patients who had interphase FISH results of 1q21 at relapse available, the median follow-up of post-relapse survival was 17 months (range, 0.3 to 78). The median follow-up of patients with MGUS and SMM were 22 months (range, 1 to 88) and 47 months (range, 1 to 123), respectively. The Institutional Review Board of the University of Arkansas for Medical Sciences approved the research studies and all subjects provided written informed consent approving use of their samples for research purposes.
Cell lines
Human myeloma cell lines, NCU-MM1, OCI-MY5, U266, EJM, SK-MM1, JJN3, H929, ANBL6, RPMI8226, KMS12PE, MM_M1, OCI-MY1, XG7, Delta47, L363, XG1, OPM1, CAG, UTMC2, OPM2, ARP1, KMS11 and FR4 were cultured in RPMI 1640 with 10% fetal bovine serum (FBS), 100 IU/mL penicillin and 100 mg/mL streptomycin at 37°C in 5% CO 2 , and 10 ng/mL human recombinant interleukin-6 (R&D Systems, Minneapolis, MN) when needed.
Fluorescence in situ hybridization
Bacterial artificial chromosomes (BAC) at 1q21 (RP11-307C12) and at 1q31 (RP11-32D17) were purchased from BAC/PAC Resources (Oakland, CA). Chromosome 13 ploidy was evaluated with a BAC clone for marker D13S31 mapping to 13q14. IGH break-a-part probe (Vysis Inc, Downers Grove, IL) was used to analyze for the presence of 14q32 translocations. All probes were directly labeled by nick translation with Spectrum-Green and/or Spectrum-Red (Vysis, Downers Grove, IL). BAC and PAC clone information was obtained through the website of NCBI (http://www.ncbi.nlm.nih.gov/) and the probes were confirmed to map to the precise chromosome bands using metaphase spreads from the peripheral blood lymphocytes from healthy donors.
Interphase fluorescence in situ hybridization (FISH) with cytoplasmic immunoglobulin light chain staining was performed according to the procedure as described previously 13 . A detailed protocol for probe production and hybridization can be found in Supplemental File 1. Briefly, the probes were hybridized along with AMCA labeled antibodies to kappa or lambda immunoglobulin light chains (Vector Laboratories, Burlingame, CA) to cytospin preparations of mononuclear cells from bone marrow aspirates by Ficoll separation fixed with ethanol (Supplemental Figure 1a) . The slides were stored at -20℃ until FISH analyses were performed. Interphase FISH signals were evaluated in at least 100 clonal plasma cells (mainly 100) in each patient. If >= 3 copies were seen in >= 20% of clonal plasma cells, it was considered evidence of gain/amplification. In order to investigate effects of the magnitude of Amp1q21 on clinical outcomes and each categories, Amp1q21 was divided into 2 categories; i) 3 copies of 1q21; the percentage of cells with >=4 copies were seen in < 20% of clonal plasma cells, ii) >= 4 copies of 1q21; the percentage of cells with >=4 copies were seen in >= 20% of clonal plasma cells.
A detailed account of the FISH data for 1q21 on all samples presented in this study can be found in Supplemental File 2.
Chromosome preparation for metaphase FISH analysis in human myeloma cell lines was performed according to the standard procedure as described previously 28 . Briefly, cells were cultured in log-phase, treated with colcemid (final concentration; 0.05 mg/mL) for 30 minutes, harvested with hypotonic potassium chloride (0.075M KCl) and fixed with methanol/glacial acetic acid (3:1; cornoy solution). Metaphase FISH analyses were performed according to the manufacturer's protocol (Vysis) (Supplemental Figure 1b, 1c) .
Statistical analyses
Event-free and overall survival distributions were estimated using the Kaplan-Meier method and differences among survival curves were analyzed by the log-rank test. Chi-square test and the Fisher's exact test were used to test for the independence of categories. Multivariate analysis of event-free and overall survival adjusted the effects of Amp1q21 for other predictors was performed using the Cox proportional hazards regression model. P-values < .05 were considered significant.
Gene expression profiling
Gene expression profiling using the Affymetrix U133 Plus 2.0 microarray (Affymetrix, Santa Clara CA), was performed on CD138-purified plasma cells from bone marrow aspirates of newly diagnosed patients as described previously 29 . (Table 2a and 2b) . Patients with Amp1q21 tended to have high incidence of IgA subtype (P < .001), high level of β 2 -microglobulin (B2M, P = .002), high level of lactate dehydrogenase (LDH, P < .001), low level of hemoglobin (HGB, P = .004), high incidence of abnormal karyotypes defined by G-banding (P < .001), high incidence of hyperdiploidy (P = .009), high incidence of hypodiploidy (P < .001), high percentage of plasma cells in bone marrow by biopsy (P = .007), high incidence of Del13 defined by FISH (P < .001), low frequency of stage 1 (P < .001) and high frequency of stage 3 (P = .002) based on international staging system (ISS) compared with those lacking Amp1q21 in newly diagnosed MM (Table 1b) .
Frequency of Amp1q21 in MGUS and SMM and transition from SMM to MM.
Amp1q21 was detected in 0 of 14 (0%) patients with MGUS compared to 14 of 31 (45%) patients with SMM (P = .002) ( Table 2a) . Among patients with SMM, Amp1q21 was detected in 10 of 12 (83%) patients who evolved to active MM compared to 4 of 19 (21%) patients who remained SMM (P < .001) ( Table 2a) . Frequency of Amp1q21 in MGUS was significantly low compared to that in newly diagnosed MM (MGUS vs. newly diagnosed MM; 0/14 (0%) vs. 205/479 (43%), P = .001) and frequency of Amp1q21 in SMM was similar with newly diagnosed MM (SMM vs. newly diagnosed MM; 14/31 (45%) vs. 205/479 (43%), P = .797) ( Table 2a) .
Prognostic relevance of Amp1q21 in newly diagnosed MM.
Among newly diagnosed MM, the estimated median time to complete remission (CR) or near CR (nCR) was 9 months in those lacking Amp1q21. The estimated 2-year CR or nCR rate in this group was 73%. In patients with Amp1q21, the median time to CR or nCR was 8¼ months and the 2-year CR or nCR rate was 67% (Figure 1a) . The log-rank P-value was .11 and the hazard ratio for CR or nCR among those with Amp1q21 compared to those lacking Amp1q21 was 1.2, likely reflecting the modestly shorter estimated median time to CR or nCR among those with Amp1q21.
The 5-year event-free survival (EFS) in patients lacking Amp1q21 was 62% compared to 38% in patients with Amp1q21 (P < .0001) and 5-year overall survival (OS) in patients lacking Amp1q21 was 78% compared to 52% in patients with Amp1q21 (P < .0001) (Figure 1b) .
In a multivariate analysis, including abnormal karyotypes detected by G-banding, B2M >= 3.5 mg/L, albumin (ALB) < 3.5 g/dL, LDH >= 190 IU/L, Del13 defined by interphase FISH, Amp1q21 represented an independent poor prognostic factor for both EFS and OS in newly diagnosed MM (Table 3) .
Among newly diagnosed patients with Amp1q21, there were 117 patients with 3 copies of 1q21 and 88 with >= 4 copies of 1q21 (Table 2b) . Patients with 3 copies of 1q21 had inferior EFS and OS compared with those with <= 2 copies of 1q21 (5-year EFS/OS; 3 copies vs. <= 2 copies; 40%/53% vs. 62%/78%, both, P < .0001) (Supplemental Figure 2) . The 5-year EFS and OS were similar among patients with 3 copies and >= 4 copies of 1q21 (5-year EFS/OS; 3 copies vs. >= 4 copies; 40%/53% vs. 38%/50%, P = .3440/P = .4533).
Adding thalidomide to control therapy improved 5-year EFS in patients lacking Amp1q21 but did not in those with Amp1q21 (5-year EFS; patients lacking Amp1q21 treated with thalidomide vs. those treated without thalidomide; 73% vs. 54%, P = .0044, patients with Amp1q21 treated with thalidomide vs. those treated without thalidomide; 42% vs. 37%, P = .3924) (Figure 2a) . Adding thalidomide did not improve OS both in patients lacking Amp1q21 and with Amp1q21 (P = .2260, P = .6377, respectively) (Figure 2b) .
Correlation between Amp1q21, 14q32 translocations, oncogene spikes and cytogenetic abnormalities.
We also observed that the incidence of t(14q32) detected by interphase FISH was similar among patients with Amp1q21 and lacking Amp1q21 in patients who had FISH results for 1q21 and t(14q32) (P = .155, n=127, Table 4a ). On the other hand, in patients who had both 1q21 FISH results and microarray data (n = 253), those with Amp1q21 had a high incidence of spiked expression of c-MAF or FGFR3/MMSET compared with those lacking Amp1q21 (P = .002, P < .001, respectively), whereas an incidence of spiked expression of CCND1 in patients with Amp1q21 was low compared with those lacking Amp1q21 (P < .001) ( Table 4b) . Among the 40 cases with FGFR3/MMSET-spikes, the 3-year EFS was 64% in those lacking Amp1q21 and 27% in those with Amp1q21 (P = .0103) (Figure 3a) . The 3-year OS in those lacking Amp1q21 was 77% and those with Amp1q21 59% (P = .2117) (Figure 3a) . Among the 54 cases with CCND1-spikes, the presence or absence of Amp1q21 did not significantly alter the 3-year EFS or OS (Figure 3b) . The lack of sufficient numbers of cases with CCND3, MAF, and MAFB spikes precluded their analysis here.
The presence of cytogenetic abnormalities (CA) in a MM karyotype is a powerful negative predictor of survival in MM. Patients with no CA but having Amp1q21 had an inferior outcome relative to those with no CA and lacking Amp1q21 (P < .0001) (Figure 4) . This effect was more pronounced in those cases with CA. Those with Amp1q21 in the context of CA had an inferior far worse outcome compared to those with CA but lacking this abnormality (P = .0001) (Figure 4) .
Correlation of Amp1q21 between newly diagnosed and relapsed MM and post-relapse survival.
The frequency of Amp1q21 at relapse was significantly higher than in newly diagnosed MM (relapsed vs. newly diagnosed MM; 33/45 (72%) vs. 205/479 (43%), P < .0001) ( Table 2a) .
The mean and median percentage of myeloma cells with Amp1q21 at relapse tended to be higher than those in newly diagnosed MM (mean/median; relapsed vs. newly diagnosed MM; 65%/88% vs. 36%/7%) ( Figure 5) . The frequency of patients with >= 4 copies of 1q21 at relapse was significantly higher than that at diagnosis (20/45 (44%) vs. 88/479 (18%), P < .001), whereas the frequency of patients with 3 copies of 1q21 was similar at relapse and diagnosis (13/45 (29%) vs. 117/479 (24%), P = .507) ( Table 2b ). The patients with >= 4 copies of 1q21 tended to have high percentage of myeloma cells with Amp1q21 compared with those with 3 copies of 1q21 at both diagnosis and relapse (at diagnosis 73% vs. 92%, at relapse 72% vs. 97%, Table 4) .
Twenty-eight patients had 1q21 FISH results available both at diagnosis and relapse. In these 28 patients, as shown in Figure 6 , 27 had the same or greater copy numbers of 1q21 at relapse compared to those at diagnosis.
Among 45 relapsed patients who had 1q21 FISH results at relapse and receiving various salvage therapies, patients with Amp1q21 at relapse had inferior 5-year post-relapse survival compared with those lacking Amp1q21 at relapse (15% vs. 53%, P = .0271) (Figure 7a) . Among 33 relapsed patients with Amp1q21 at relapse, 5-year post-relapse survival in patients with >= 4 copies of 1q21 at relapse was 0% compared to 32% in those with 3 copies of 1q21 at relapse (P = .0599) (Figure 7b) .
Incidence of Amp1q21 in human myeloma cell lines.
Amp1q21 was detected by metaphase FISH in 21 of 23 (91%) human myeloma cell lines. The copy number of 1q21 was the same or greater compared with that of 1q31 in all 23 human myeloma cell lines tested (Supplemental Figure 1b, 1c; Supplemental Table 1) . Importantly, the cell line OCI-MY5, which has two copies of the 1q21 region, harbors a deletion of the p arm and much of the q arm and juxtaposition of the 1q21 region to a non-homologous chromosome (data not shown).
Discussion
MM is a plasma cell malignancy, which can sometimes be preceded by MGUS or SMM, and patients with MM are mostly incurable which can be linked to drug resistance. The precise mechanisms of initiation and progression of MM are poorly understood, however MM is thought to develop through a multi-step process, including a genomic instability, through which clonal evolution may occur. It has been suggested that gain of the 1q21 region, which is one of the most recurrent chromosomal aberrations in MM, is related with an advanced phenotype of MM, and therefore may be associated with disease progression 25 . Support for this concept is borne from our observation of an increased incidence of Amp1q21 in disease progression. Amp1q21 was observed in 0% in MGUS, 45% in SMM, 43% in newly diagnosed MM, 72% in relapsed MM and 91% in human myeloma cell lines. Amp1q21 was associated with inferior EFS and OS in MM, a higher risk of transition of SMM to active MM and a shortened post-relapse survival. Our data are consistent with previous reports on frequency of Amp1q21 in newly diagnosed MM based on FISH and CGH 25, [31] [32] [33] and with a report showing positive correlation between presence of Amp1q21 by CGH and transition from SMM to active MM 34 . Among 479 patients with newly diagnosed MM, 205 patients (43%) with Amp1q21 had a high incidence of abnormal, hypodiploid and hyperdiploid karyotypes and Del13 by FISH, IgA predominance, high-level B2M and LDH and a low level of HGB, and finally a poor prognosis compared with those lacking Amp1q21. Patients with Amp1q21 seem to constitute a unique subgroup of MM.
We also observed that incidence of Amp1q21 was similar with that of no Amp1q21 in patients with t(14q32), which is not consistent with a previous report 31 . Interestingly, while Amp1q21 was only present in 28% of cases with CCND1-spikes, this anomaly was present in 100% of cases with c-MAF-spikes and 75% of cases with FGFR3/MMSET-spikes. These findings are similar to that seen with Del13 in which there is a strong positive correlation with MM with t(14;16) or t(4;14), whereas Del13 is infrequent in those with t(11;14) 5, 30 . Together these data would indicate that Amp1q21 tends to occur in MM cells with dysregulated expression of c-MAF or FGFR3/MMSET after illegitimate IGH translocations, probably as a progression event. Survival analysis of the effect of Amp1q21 was evaluated in patients with FGFR3/MMSET-spikes, a known high-risk feature. Although Amp1q21 was found to negatively affect EFS in this group, OS was not significantly different between those with and without Amp1q21. However, the effect on OS is consistent with the results for EFS and analysis of a larger sample might reveal a significant difference. An important reason why this happens is that less than one quarter of cases with FGFR3/MMSET-spikes lack Amp1q21, so it is hard to get a large enough sample to estimate their lower death rate. The fact that the majority of FGFR3/MMSET-spike positive cases harbor Amp1q21 is highly significant, and seems to be in need of a biological explanation. Perhaps the cases lacking Amp1q21 represent an early stage of the disease and Amp1q21 will emerge at relapse. Longitudinal studies will be needed to address this hypothesis. Consistent with this concept the proportion of MM cells with Amp1q21 ranged widely at diagnosis. The copy number of 1q21 in each patient and the mean and median percentage of cells with Amp1q21 all tended to increase at relapse compared to diagnosis, which may suggest that the clonal evolution of Amp1q21 and/or the clonal selection and expansion of MM cells with Amp1q21 occurs during therapy. An important aim of future research in our group is to understand if genes located in the 1q21 region, whose expression is gene dosage dependent, promote resistance to chemotherapy.
Patients with >= 4 copies of 1q21 at diagnosis tended to have higher percentage of cells with Amp1q21 (Supplemental Table 2 ) and showed an initially more aggressive clinical course than those with 3 copies of 1q21. However, patients with >= 4 copies of 1q21 at diagnosis had similar 5-year EFS and OS compared with those with 3 copies of 1q21 (Supplemental Figure 2) , whereas patients with >= 4 copies of 1q21 at relapse had an inferior post-relapse survival compared to those with 3 copies of 1q21. This may suggest that myeloma cells with >= 4 copies of 1q21 are potentially associated with more malignant and drug-resistant phenotype than those with 3 copies of 1q21, but that during therapy, residual cells with 3 copies of 1q21 can continue to increase 1q21 copy numbers and thus become as malignant as those with >= 4 copies of 1q21 at diagnosis.
Despite the fact that Amp1q21 is present in up to 50% of newly diagnosed patients we have shown that in multivariate analysis including other major predictors Amp1q21 was an independent adverse prognostic factor. However, among patients with ISS stage III, OS was similar between those with Amp1q21 and lacking Amp1q21, whereas patients with Amp1q21 had inferior OS among patients with ISS stage I and II (Supplemental Figure 3) , therefore Amp1q21 is a poor prognostic marker in patients whose B2M is < 5.5 mg/L.
We have reported that adding thalidomide to high-dose melphalan based tandem auto-transplants improved EFS but did not improve OS due to a shorter post-relapse survival in the thalidomide group 27 . In this study, we demonstrated that adding thalidomide improved EFS in patients lacking Amp1q21, whereas 5-year EFS in patients with Amp1q21 was similar between those who were treated with thalidomide and without thalidomide. Adding thalidomide did not improved OS in both patients lacking Amp1q21 and with Amp1q21. The molecular reason underlying this finding is currently not clear, but suggests that the presence of Amp1q21 might be an important determinant for stratifying patients to receive or not receive thalidomide.
The cellular and molecular mechanisms of Amp1q21 are not well understood but are thought to involve decondensation of pericentromeric heterochromatin in MM and lymphoma 19, 20, 35 . There also remains a question as to whether Amp1q21 is a cause or a consequence of disease progression. Amp1q21 may reflect chromosomal instability, which is related to tumor progression, which is usually through silencing tumor suppressor genes 36 . However, activation of a proto-oncogene caused by increased gene dosage accompanying chromosomal instability can also play an important role in tumor development and progression. Evidence of high-level amplification of 1q21 in MM 20, 41 suggests that the amplification may be of pathogenic significance related to increased copy number and a concomitant increase in the expression of gene(s) within this region. We recently reported on the high resolution mapping of a 10 Mb amplicon at 1q21 37 and we and others have reported on deregulated expression of candidate genes in the 1q21 region in MM and other cancers [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . However, none of these candidate genes, with the exception of RAB25, have been investigated in animal models. Moreover, the possible combined effect of multiple candidate genes has not been demonstrated or considered. In the future, precise direct functional analyses of each candidate gene using animal models and analyses of mass effects of several genes in the same amplicon on tumor development will be required to establish the association of genes within the amplicon as causal in MM progression.
In conclusion, we have demonstrated that Amp1q21 was an independent adverse prognostic marker in newly diagnosed MM treated with auto-transplants, associated with a shortened post-relapse survival and a higher risk of transition from SMM to MM. In addition, we have demonstrated that the proportion of cells with Amp1q21 and the copy number of 1q21 tended to increase at relapse compared with diagnosis and adding thalidomide improved EFS in patients lacking Amp1q21 at diagnosis, but did not in patients with Amp1q21 at diagnosis. Our data suggests that Amp1q21 is associated with a malignant phenotype in MM and may be central to progression of plasma cell dyscrasias. Clarification of mechanism(s) of causing Amp1q21 and identification of possible responsible gene(s) in this region might provide more precise insight into the natural history of myeloma and possible novel targets for future therapies in MM and in other cancers. 
